The bimolecular model for predicting transient bandto-band recombination lifetime in semiconductors is nonlinear in the excess carrier concentrations. Usually a low-injection assumption is made which linearizes the problem and yields for direct recombination the well known rule-of-thumb that the excess carrier lifetime should depend inversely on the d o p ing concentration. For applications in which the lowinjection assumption is invalid a more precise analysis which produces an injection dependent lifetime is presented.
Introduction
The minority carrier lifetime is an essential parameter in the characterization of most electronic and pho- gion of an AC modulated LED, a linearization of the quadratic term can be justified [2, 7, S,] but in this case the lifetime predictions are not limited to the low injection assumption and have been shown to be dependent on the quiescent injection level. This is of course in contrast t o the quasistatic case for which the experimental methods involve the measurement of the transient decaying excess concentration. In this case a valid linearization is limited to strictly low injection conditions. The low injection assump tion leads directly to the often cited exponential decay in the excess carriers for which it is well known that the decay time constant is also the average time to recombine, i.e., lifetime.
The general solution for the direct bimolecular transient decay in the excess carriers is not exponential [5]. The analysis presented predicts injection dependent lifetimes for this nonexponential decay. The results, which are based on the exact solution for transient decay, provide a more robust predictor of lifetime over a wider range of injection levels. This should treatment should then have potential value to those researchers predicting lifetimes from photoconductive and photoluminescence decay experiments.
Background
In order to appreciate the limitations of the analysis to be discussed it is necessary t o state the main assumptions needed. They are as follows:
1) The semiconductor is spatially uniform in terms of material composition, doping, and temperature.
2) The non-equilibrium mechanisms, e.g., external light sources, responsible for the generation of excess carriers are also uniformly spread throughout the region of interest.
3) The donors and acceptors are fully ionized (exhausted) for both conditions of non-equilibrium and equilibrium. Assumptions 1) and 2) guarantee that electric field gradients will not exist in the semiconductor and therefore, from Gauss's Law (i.e., V . & = P / E ) , the semiconductor can be assumed to be charge neutral at every point under both equilibrium and non-equilibrium conditions. The non-equilibrium conditions which generate excess electrons:
4)
A n = n -% (1)
and excess holes:
are not dependent on location within the semiconductor. Here n and p are the electron and the hole densities, respectively, and no and po are the corresponding time independent equilibrium values. It follows that under equilibrium conditions and assumptions 3) and 4), charge neutrality can be expressed as
where Nd is the fully ionized (possibly compensated) donor concentration. Similarly, under non-equilibrium conditions, charge neutrality can be expressed as:
-n+p+Nd=O. A n = A p . 
which separates the thermal equilibrium generation rate, Go, and the external stimulus, Gat. 
where An(0) is the excess concentration a t t = 0. It is well known that, for an exponential decay distribution, the average time lor an event, in this case, recombination, is the exponential time constant, re.
Under quasistatic non-equilibrium conditions, such as would apply, for example, when an LED is modulated with a small signal about a steady-state quiescent bias point, the large signal excess is approximately dictated by the time independent bias point conditions An z AnB . Unlike the quasistatic case briefly described in the previous paragraph, the solution to the transient band-to-band recombination problem as described by eq. (8) will not yield truly exponential solutions due to the non-linearity in An. It has been shown in [5] that under conditions of zero external stimulus the timeevolution of the system's excess concentration is given by where the excess density a t t = 0 is given by: and where a normalized injection level
defines the level of injection at t = 0. Although still defines a time constant for decay of the system it is no longer correct to take as the recombination lifetime. An analysis is provided in the next section, which clarifies the point. From this analysis the error introduced by making the low injection assumption can be predicted.
Recombination Lifetime Under High Injection Conditions
In order to facilitate the mathematical development, the first step is to define a normalized excess carrier distribution where the function f (t) can now be interpreted as a percentage or fraction of the excess carrier concentration evaluated at t = 0. In is easily checked the in the limit that F -+ 0 this expression becomes l/e. In general for F > 0 the normalized excess concentration given by eq. (26) will be less than l/e as demonstrated by the example using F = 3, shown on Fig. 1 .
The dependencies of the correct and measured l/e normalized lifetime predictions, eq. (24) and eq. (25) respectively, are plotted on Fig. 2 versus normalized injection level, F. The low injection case, which does not depend on injection level, is also represented. It is immediately seen that in both cases the low injection estimate overestimates the lifetime prediction relative to the correct prediction eq. (24) and the measured l/e prediction, eq. (25). These discrepancies between models can be represented as percent errors where the low injection limit is taken as the reference. In particular involving the low injection lifetime and the correct lifetime, and involving the low injection lifetime and the l / e measured lifetime. These error gauges are plotted on Fig.  3 . It is clear from the figure that in both cases the error increases monotonically with injection level F and will exceed 10% for F 2 0.5.
Conclusion
The more comprehensive treatment of transient bimolecular band-teband injection-level dependent recombination lifetime presented here demonstrates that the errors in assuming low injection conditions can easily exceed 10% for normalized injection levels greater than 0.5. Also provided here is a simple rule for predicting the fraction of the excess concentration which corresponds to a time equal to the carrier lifetime. This fraction depends on injection level and has been shown to be less than or equal to l / e . Work involving an extension of this mathematical model to include trimolecular recombination which is known to be characteristic of auger recombination is in progress.
Appendix
In this appendix the details leading to the expression for the injection dependent lifetime, eq. 
D s g ( t ) d t . (A3)
From eq. (21) and eq. (22) it follows that, which can be more compactly expressed under t r a n s formations
and t
TP
This leads t o the result, and therefore, for purposes of evaluating the denominator of eq. (Al) it follows that:
The mathematical analysis on eq. (A9) is facilitated by expanding the second integral by parts
An expression for G(u) is obtained from (A7) and
and it follows that: 
